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Abstract

Thisstudyuseda two-dimensionalcoupledland/atmosphere(cloud-resolving)modelto

investigatetheinfluenceof land cover on the water budgets of squall lines in the SaheI. Study

simulations used the same initial sounding and one of three different land covers, a sparsely

vegetated semi-desert, a grassy savanna, and a dense evergreen broadleaf forest. All simulations

began at midnight and ran for 24 hours to capture a full diurnal cycle. In the morning, the latent

heat flux, boundary layer mixing ratio, and moist static energy in the boundary layer exhibited

notable variations among the three land covers. The broadleaf forest had the highest latent heat

flux, the shallowest, moistest, slowest growing boundary layer, and significantly more moist

static energy per unit area than the savanna and semi-desert. Although all simulations produced

squall lines by early afternoon, the broadleaf forest had the most intense, longest-lived squall

lines with 29% more rainfall than the savanna and 37% more than the semi-desert.

The sensitivity of the results to vegetation density, initial sounding humidity, and grid

resolution was also assessed. There were greater differences in rainfall among land cover types

than among simulations of the same land cover with varying amounts of vegetation. Small

changes in humidity were equivalent in effect to large changes in land cover; producing large

changes in the condensate and rainfall. Decreasing the humidity had a greater effect on rainfall

volume than increasing the humidity. Reducing the grid resolution from 1.5 km to 0.5 km

decreased the temperature and humidity of the cold pools and increased the rain volume.



Introduction

Highly variablerainfall and highly variable,but principally sparse,vegetation

characterizetheWestAfricanSahel.Mesoscaleconvectivesystems(MCS)areorganized,multi-

cellularconvectivecloudclusterswithanareaextenton theorderof 1000km2 and a lifetime of

6 or more hours. MCSs contribute a majority of the wet season rainfall in the Sahel, even though

they constitute fewer than 20% of the total precipitating cloud clusters (Mohr et al. 1999; Nesbitt

et al. 2000). In Nicholson (1988), the difference between wet and dry years is more strongly

correlated to the number of days with rainfall greater than 40 mm than the total number of

rainfall days.

A "squall line" is an MCS in which the cumulonimbus clouds are arranged linearly. In

West Africa squall lines range from 100-1000 km in length, are oriented north-south

perpendicular to the mean flow, travel westward, and live for 6 hours or more. Censuses of West

African squall lines (Aspliden et al. 1976; Rowell and Milford 1993; Hodges and Thomcroft

1997) give the basic ingredients for their formation as low- to mid-tropospheric vertical shear,

low-level convergence, and low-level potential instability. The African easterly jet at 650-700

nab is the result of regional temperature and humidity differences across northem Africa. The

vertical and horizontal shears associated with the African easterly jet contribute directly and

indirectly to the first two ingredients of squall line development.

Wet season boundary layer temperature and humidity profiles are govemed by the

intrusion of humid air in the summer monsoon and the contribution from land surface

evapotranspiration. Soil water content and land cover govern evapotranspiration and the flux of

energy and water vapor to the boundary layer. Variability in the latent heat flux may thus

suppress or enhance moist convection locally. Crook (1996) and Lucas et al. (2000) have
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investigatedthepossiblesensitivityof convectionto environmentalhumidityby usingcloud-

resolvingmodels.Bothstudiesfoundnoticeableincreasesin theamountof rainfallwithsmall

increasesin boundarylayerhumidity.In Crook's (1996) study, changes in the boundary layer

humidity on the order of observational error, 1 g kg -l, made the difference between no initiation

and intense convection. Can surface fluxes in a semi-arid region such as the Sahel influence the

characteristics of the boundary layer enough to produce significant changes in MCS

development?

This study investigates how land cover may influence squall line water budgets in the

Sahel (Figure 1). Currently, grassy savanna constitutes the majority of the area in the box in

Figure 1 and supports millet cultivation and livestock grazing. From satellite observations of

Sahelian land cover, changes in vegetation density are closely correlated with interannual

fluctuations in rainfall, although human activity may exacerbate ecosystem changes, particularly

during dry years (Nicholson et al. 1998). Hence, agricultural productivity and aquifer recharge

will depend greatly on the size and other characteristics of wet season MCSs. Brubaker et al.

(1993) have shown that precipitation recycling approaches 50% in West Africa in the summer,

implying an important role for the land surface in rainfall development. In this study, we

concentrate on examining the physical links between surface/boundary layer processes and their

affect on convective clouds.

Hydrometeorological modeling permits us to control inputs and measure outputs in

land/atmosphere interaction quantitatively. The purpose is not to simulate a particular squall line

event as in a case study but to examine how model squall lines develop in different environments

and isolate the factors that may be responsible for measurable differences in their water budgets.

Previous studies using cloud-resolving models to simulate MCSs in West Africa have prescribed
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surfacefluxesratherthananinteractivelandsurface(Dudhiaetal.1987;LaforeandMoncrieff

1989;ChangandYoshizaki1993).Weuseacoupled,fully interactiveland/at_ere [cloud-

resolving)modeltocomparesystemdevelopmentoverthreedifferentlandcoversrepresentative

of majorbiomesinWestAfrica(mapinFigure1),thegrassysavannaandsemi-desertbiomesof

theSahelandtheevergreenbroadleafforestbiomenearthesouthernedgeof theSahel.Since

precipitationfromanMCSis a functionof systemsize,structure,andlongevity,precipitation

andassociatedvariablesin thewaterbudget(e.g.,condensationandevaporation)will bethekey

resultsusedtoevaluatedifferencesamongsimulations.

Methods

a. Numerical model

The simulations for this study used a two-dimensional (2D) coupled land/atmosphere

(cloud-resolving) numerical model with open lateral boundary conditions. Goddard Cumulus

Ensemble (GCE) is a non-hydrostatic, anelastic numerical cloud-resolving model composed of

prognostic equations for momentum, potential temperature, and water vapor mixing ratio (Tao

and Simpson 1993). The GCE includes solar and infrared radiative transfer processes,, a Kessler-

type two-category (cloud drops and rain) liquid water scheme, and a three-category (cloud ice,

snow, and graupel/hail) ice microphysics schemes (Lin et al. 1983; Rutledge and Hobbs 1984).

For our simulations of tropical convection, we chose graupel as our third class of ice particles.

Coupled to GCE is the Parameterization for Land-Atmosphere-Cloud Exchange (PLACE), a

surface-vegetation-atmosphere transfer model (Wetzel and Boone 1995). PLACE consists of

linked process models (e.g., net radiation, evapotranspiration, ground heat storage) and

emphasizes the vertical transport of moisture and energy through the 5 layer soil moisture and

the 7 layer soil temperature column to the overlying heterogeneous land surface. The exchange
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of radiationandheat,momentum,andmoisturefluxescoupletheGCEandPLACEmodels(Tao

et al. 2001). Lynnet al. (1998)andBakeret al. (2001)haveusedGCE-PLACEto simulate

landscape-generatedandseabreeze-generateddeepconvection.

A computationallyefficient2D modelsuchasGCE-PLACEis anattractivechoice,

supportedby the resultsof previousstudiesthat show that the meankinematicand

thermodynamicpropertiesof asqualllinearewellsimulatedin 2Dmodels(Nichollsetal. 1988;

Ferrieretal. 1996;Taoetal. 1996;Xu andRandall1996;Grabowskiet al. 1998;Lucas et al.

2000). The simulation of horizontal circulation features, momentum transports, and other

inherently three-dimensional features of squall line dynamics would be more appropriately

handled with three-dimensional models. In this study we focus on the mean and cumulative

values of surface precipitation and other variables in the water budget. Because we are using a

coupled land/atmosphere model, we will also consider selected surface and sub-surface

hydrologic variables. A 2D model is appropriate for exploring the sensitivity of area-average

thermodynamic and hydrologic variables to changes in the surface environment. The

computational efficiency of a 2D model becomes especially advantageous when simulating a

large area at a fine resolution.

The grid used in the simulations was a transect of approximately 1000 km divided into

2048 grid points with 1990 inner points at 0.5 km spacing and a stretched (1:1.06) grid on either

side. Vertically, there were 33 grid points from 0.0 to 21.5 km altitude. The grid was stretched,

with spacing between levels ranging from 80 m at the surface to 1200 m at the top of the

troposphere. Stretching in the vertical increases computational efficiency without significantly

compromising accuracy (Weisman et al. 1997). Boundary conditions were open lateral. The
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GCEtimestepwas5s,andGCEinvokedPLACEin 3 minintervals.All simulationsbeganat

localmidnightandranfor24hours.

b. Initial conditions

Because this study examines the sensitivity to land surface conditions, the initial

atmospheric profile is the same for all simulations. The sounding (Figure 2) is from a pre-storm

environment, 23 June 1981 at 2335 Z, during the Convection Profonde Tropicale (COPT81)

field experiment in an area straddling the Ivory Coast and Burkina Faso (Chalon et al. 1988;

Roux 1988). The sounding used in the simulations is depicted in Figure 2. The African Easterly

Jet is detectable in the winds around 600 rob, providing strong low to mid-level vertical shear.

Typically, cloud modelers rely on lifting from a warm bubble or a cold pool to initiate

convection. To isolate the sensitivity of convective initiation and development to land surface

conditions, we do not apply a lifting mechanism, relying instead on the high potential instability

of the 23 June COPT81 sounding and surface heating gradients to initiate convection.

The initial surface conditions define the simulations used in this study. There are three

land covers, semi-desert (scrub), savanna, and evergreen broadleaf forest, described in Table 1.

The semi-desert landcover is sparse, deeply rooted, highly reflective, and tolerant of high

temperatures. The savanna and broadleaf forest land covers are noticeably thicker as well as

taller, and most of the roots are higher in the soil column than in the semi-desert. We will make

frequent use of the abbreviations in Table 1 in referring to each simulation.

All grid points in all of the simulations were assigned sandy loam soil, a common soil

type in the region. Although this assumption simplifies the natural variability of soil types in the

region, Mohr et al. (2000) have shown that PLACE's sensitivity to soil type can overwhelm any

signal from vegetation characteristics. To isolate sensitivity to vegetation, it thus became



necessaryto specifythesamesoil typefor all simulations.Eachvegetationtypehadits own

initial soilmoistureandsoiltemperatureprofiles.Wecreateda firstguesssoilmoistureprofile

(Table1)with randomperturbationsof 2-6% andnomoisturegradient.Thefirst guesssoil

temperatureprofile was 298 K at the easternand westernboundarieswith a peak soil

temperatureof 300K at 600km toencourageconvectiveinitiationnearbutnotonthewestern

boundary.To createunique,steadystateprofilesfor eachlandcovertype,weassignedoneof

thethreelandcoversto thePLACEgridcells,appliedthefirst guesssoil moistureandsoiI

temperatureprofiles,ranPLACEoff-lineforseveralhours,andtheniteratedthesimulationuntil

therewasnochangein theprofiles.To reachsteadystate,about50iterationswererequired.

Differencesin the initialsoilmoisture(Table1)andsoiltemperatureprofilesaresmall,sothat

theprincipaldifferenceamongthesimulationsistheassignedvegetationtypeanddensity.

Results

a. Heat fluxes and boundary layer energy

The time series of surface fluxes are plotted in Figure 3. Figure 3a is the area-average

difference between net radiation and ground heat flux (Rnet - G) for the SD, SAV, and FOR

simulations. The comparison of net radiation to the ground heat flux indicates the fraction of

radiation conducted into the soil versus the fraction available to affect the diurnal cycle of low-

level equivalent potential temperature (0e) and thus moist entropy (Betts and Bali 1995, 1998).

Mid-day, there is 15% more available energy in the FOR simulation than in the SAV simulation

and 30% more than the SD simulation. Enhanced ground heat flux causes the SD soil

temperatures to increase more rapidly than the FOR soil. The SD average 10-cm soil

temperature increases 9 K and the skin temperature increases 24 K over 6 hours (8:00-14:00).



Forthesameperiodin theFOR,'the10-cmsoil andskintemperaturesincrease4 K and12K,

respectively.

Thedifferencesinsensibleandlatentheatfluxesamongsimulationsareevenlarger.The

middaysensibleheatflux (Figure3b)in theSDandSAVisnearlydoublethatof theFOR. In

Figure3ctherearetwopeaksin thelatentheatflux. Evapotranspirationproducesthefirst peak

in themorning,butthesecondpeakin theafternoonhasa largecontributionfromevaporating

rainfall. ThedifferenceateachpeakbetweentheFORandtheSAV andSDis largerin the

morning(50%and75%,respectively)thanin themid-afternoon(30%and35%).ForPLACE,

latentheatflux is determinedbyplantphysiology,availablemoisture,andatmosphericdemand.

High morningsoil temperatures,as in the SD simulation,will suppressevapotranspiration,

increasethesensibleheatflux, andmayestablishanegativefeedbackbetweensoiltemperature

andadditionalevapotranspiration(Mohret al. 2000). The SAV andFORhavecomparable

amountsof availableenergy. The simulatedpatchygrassandwoodyshrubsof the SAV

convertedlessavailableenergyto latentheatflux thanthedensecoverof broadleaftreesin the

FOR.Eventhoughthereis lessenergy(Roet- G)availableto theSDthantheSAV,mostof the

availableenergyin thesparselyvegetatedSDwasconvertedintosensibleheatflux until mid-

afternoon.

The moist static energy (MSE), or moist entropy, in the boundary layer is the sum of the

potential energy, sensible heat energy, and latent heat energy: MSE = gz + CpT + Lw. Here, g is

the gravitational acceleration, z elevation, Cp specific heat capacity at constant pressure, T

temperature, L latent heat of vaporization, and w water vapor mixing ratio. Of these terms, the

sensible heat term is the largest, on the order of 105 J kg 1, and the latent heat term an order of
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magnitudesmaller_. A significantverticalgradientof MSE encouragesthedevelopmentof

moistconvectionto re-establisha neutralverticaldistribution.Althoughconvectiveavailable

potentialenergy(CAPE)iscommonlyusedto assessthepotentialfor deepconvection,MSEis

easilyrelatedto surfacefluxesand is usefulfor diagnosingthe thermodynamicstateand

buoyancyoftheboundarylayer.Later,CAPEwill beusedin evaluatingconvectiveintensity.

Becausethesensibleheattermdominatesthecalculationof MSE,thetotalMSEin the

lowest2 km variesonly 2%amongthesimulations.SincetotalMSEis of limiteduse,we

considerhowMSE per unit area in the boundary layer changes during the day. Figure 4a is the

time series of boundary layer growth. The curves are not smooth since the heights are diagnosed

from discrete model layers. Until sunset, the FOR has the shallowest, _lowest growing boundary

layer. Morning boundary layer growth in the SAV is slightly slower than the SD, but their

boundary layers attain the same maximum heights. Figures 4b-c track the changes in MSE and

mixing ratio per unit area. The MSE per unit area in Figure 4b is the sum of the MSE in the

gridcells in the boundary layer divided by the area under the top of the boundary layer. In the

morning, the FOR (Figure 4b) has 30% more MSE per unit area than the SD and 20% more than

the SAV. The SAV has 15% more MSE per unit area than the SD but less than 1% more in the

afternoon. Only after sunset does the difference between the FOR and the other simulations

begin to close. Because all simulations used the same initial sounding, the boundary layer

average mixing ratio (Figure 4c) of the simulations is the same for the first 3 hours and within

0.6 g kg _ until mid-morning. From mid-morning to sunset, the mixing ratio in the shallower

FOR boundary layer is consistently 2-3 g kg 1 (- 20%) higher than the SAV and SD.

Assuming a surface temperature around 300 K, the MKS values for Cpand L, and mixing ratio of 102 kg kgl.
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Relatedto theMSEperunitareais theverticalgradientof MSE. It iseasierto diagnose

theverticalgradientof MSEbyusingOrasaproxy. In Figure5,theFORhasthedeepestlayer

of airwithe_greaterthan348K,andmuchof thesurfacelayeris greaterthan351K. TheSAV

hasa shallowerlayergreaterthan348Kandnocontouredareasabove350K.TheSDhasonly

isolatedpatchesgreaterthan348K.In all threesimulations,Oris lessthan335Kby2 km,butthe

verticalgradientof e_below2kmisgreaterin theFORsimulation.

b. Cloud and system development

Figure 6 is the time series of total hydrometeor content. Enhanced cumulus and rainfall

begin by 12:00 in the SD and SAV and 13:00 in the FOR. In Figure 3c, the latent heat flux at

12:00 is still increasing in the FOR. The later onset of deep convection in the FOR allowed extra

time for surface fluxes to strengthen the vertical gradient of 0r. Peak cloud coverage occurs an

hour after initiation of rainfall in the three simulations, then decreases after peaking. Around

18:00, a second, although smaller, peak in cloud cover occurs in the FOR but not in the SD or

SAV simulations.

Squall lines develop in all three simulations, although there are marked differences with

respect to convective intensity, longevity, and rainfall. In Figure 7 are x-t plots of rainfall. In

each simulation, several of the cumulonimbus clusters develop cold pools and propagate

eastward as squall lines, although the longest-lived squall lines initiated on the east side of the

transect. The SD simulation has the fewest and shortest-lived squall lines. A few more

cumulonimbus clusters form in the SAV, and the squall lines last longer than in the SD. Rainfall

ceases in the SD and SAV simulations by 17:00 and 18:00, respectively. The FOR simulation

has several squall lines that last as long as or Ionger than the longest lasting squall lines in the SD

and SAV. The FOR squall lines initiating near 600 km last until the last half hour of the
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simulationperiod,about10hoursin total. Table2 comparesthepercentdifferencein area(the

contouredareasinFigure7) for severalrainrates.TheSAVhasonly9%morerainingareathan

theSD,butFORhasalmosttwicetherainingareaof theothersimulations.Thedifferencein

areabetweentheFORandtheothersimulationsdecreaseswith rainratealthoughit is still

significant.

To assessconvectiveintensity,Figures8a-barethetimeseriesof maximumvertical

velocityandmaximumrain rate. Themaximumverticalvelocitiesandrain ratesgenerally

correlate,with the strongestverticalvelocities(i.e., mostintenseconvection)andheaviest

rainfalloccurringin tiaefirst2hoursafterinitiation.Thehighestverticalvelocitiesandrainrates

alsooccurin theFORsimulation,althoughtheyoccuras isolatedevents.Exceptfor a spike

greaterthan400mmhr-t (Figure8b)inFOR,themagnitudesof themaximumrainratesbetween

12:00-15:00arecomparable.

Even more than convectiveintensity,the most importantdifferenceamongthe

simulationsis thelongevityof organizedconvection.TheSAV andFORsimulations,butnot

theSD,havea secondperiodof strongdevelopment(16:00and18:00,respectively)but it is

shorterthanthefirst period. Thesecondperiodof development(18:00)in theFORcoincides

with thefinal dissipationof theSDandSAVsqualllines. FromFigures6-8 andTable2, the

SAV simulationproducedslightlymoredeepconvectioncomparedto the SD. TheFOR

simulationproducedmoredeepconvectionandrainfalloverthesimulationperiodthaneitherof

theSAVor SDsimulations.TheSDsqualllinesproduced14.0mmpergridcell, 15.8mmfor

theSAV,and22.3mmfor theFOR. WhereastheSAVproducedjust 12%morethantheSD,

theFORproduced37%morerainfallthantheSDand29%morethantheSAV.
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Given the samesoundingandnearlyidenticalinitial soil moisture and temperature

profiles for the three land covers, Figures 3-5 imply that, for the FOR simulation,

evapotranspiration from the forest cover helped to create a moister boundary layer with a

stronger vertical gradient of 0e and more MSE. Even though the latent heat flux in the FOR

(Figure 3c) between 16:00-20:00 is decreasing, it is still higher than the morning latent heat flux

in the SD and would partially compensate for the reduction of MSE by convective activity. In

Figure 8 at 17:00, only dissipating convection exists in the SD, whereas a second burst of

development will take place within an hour in the FOR. In Figure 9, contour plots of 0r at 17:00

for the SD and FOR, the SD vertical profile of 0r is well mixed. In the FOR contour plot, there

are large bubbles of high 0r air, suggesting additional convection is required.

For parcels, CAPE is a useful measure of the potential for deep convection. Prior to

convective initiation, 10:00-12:00, the FOR simulation has the highest CAPE at 3300 J kg_

compared to 2800 J kg -1 for the SAV (16% less) and 2500 J kgl (25% less) for the SD. Not only

does the FOR have more CAPE, it has significant CAPE (> 1000 J kg -1) until 17:00, compared to

14:00 in the SAV and SD. The FOR level of free convection for rising parcels is 500 m lower in

than the SAV in the morning and 1000 m lower in the afternoon. The lower the level of free

convection, the weaker the triggering required, and the less energy expended by rising parcels.

The larger, longer lived FOR squall lines follow from the differences in the amount and timing

of MSE and CAPE between the FOR and the other simulations.

Sensitivity of Results

Thus far, we have compared the effect of changing the land cover. In the SD, SAV, and

FOR simulations, there is the same, a fixed vegetation density at each gridcell. We ran
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additionalsimulationsto understandthe sensitivityof our resultsto vegetationdensity,the

humidityof theinitial sounding,andtheresolutionof thegrid. Howdoessensitivityto these

factorscompareto theeffectof changingthelandcover?Forbrevity'ssake,wewill focuson

selectedvariablessuchaslatentheatflux andrainfallandnotrepeatthefull discussionof MSE,

boundarylayergrowth,andothervariablesdiscussedearlier.

a. Sensitivity to vegetation density

We first tested the effect of vegetation density within a particular land cover type. Since

"semi-desert" implies very sparse vegetation, it made sense to test just the savanna and broadleaf

forest land covers. We created two variable density simulations in which we assigned a

vegetation density between 10-70% to each grid point using a random number generator. The

total amount of vegetation in a variable density simulation was less than in the corresponding

fixed density simulation. The albedo and roughness heights were adjusted for the vegetation

density specified at each cell.

Figure 10 compares the latent heat flux for the fixed and variable density simulations.

From 9:00-15:00, the difference between the fixed and variable density forest simulations is

50-200 W mz compared to 30-70 W mz for the savanna simulations. Although the difference

between the fixed and variabie density savanna is not trivial, it is 40-60% smaller than the

difference between the fixed and variable density forest. The differences in latent heat flux

between the fixed and variable density simulations presage differences in squall line

characteristics and rainfall. The squall lines that later develop in the variable density simulations

are both smaller and shorter lived with less rainfall than in the fixed density simulations.

The water budgets in Table 3 summarize the differences among the three land covers and

the fixed and variable density simulations. Along with the Figure 7 and Table 2, Table 3
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confirmsthat significantlymorecondensation,evaporation,andrainfall occurin theFOR

simulationcomparedto theSDandSAVsimulationsandthatmorecondensation,evaporation,

andrainfalloccurin thefixeddensitysimulationscomparedto thevariabledensitysimulations.

Thedifferencein rainfallvolumebetweenthefixedandvariabledensitysavanna(19%)andthe

fixedandvariabledensityforest(21%)issmallerthanthedifferencebetweentheSAVandFOR

(fixeddensity)simulations(29%).

Thecombinationof vegetationtypeanddensity(SAVvs.FOR)hadamorepronounced

effectthanchangingthevegetationdensityalone.TheFORsimulationwasonlyslightlymore

efficientin convertingcondensateto rainfallthanthe othersimulations.Thedifferencein

rainfall(29%vs.SAVand37%vs.SD)ismorelikelyafunctionof 2-3 gkg"_additionalwater

vaporin theFORboundarylayer(c.f Figure4c) fromsurfacefluxes.EventheSDsimulation

producedmorerainfall(10%)thanthevariabledensitysavanna.In theafternoon,theSDlatent

heatflux andboundarylayerhumidityarehigherthanin thevariabledensitysavanna,and

measurablerainfallendsanhourlaterin theSD. Thechangein boundarylayerhumidityfrom

surfacefluxesevenin relativelydry,hot conditions(Table1) in theSDwasgreaterthanthe

thresholdsensitivityof deepconvectionto boundarylayerhumiditychanges(1 g kg_) in the

studybyCrook(1996).

b. Sensitivity to initial sounding humidity

How does the changing the landscape and thus local evapotranspiration compare to

changes in the sounding that might be caused by changes in the summer monsoon and the

transport of water vapor? We conducted four additional simulations using savanna land cover in

which we added 2% and 5% to the observed mixing ratios at all levels in the original sounding

and then subtracted 2% and 5% from the original sounding. Inspection of sounding data from
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Dakar,Senegalsuggeststhat2%and5%aresmallerthanthevariabilityin theWestAfrican

summermonsoon.This is notanexhaustivestudyof sensitivityto monsoonconditions,but

shouldprovideadditionalinsightintosensitivitytosmallchangesin soundinghumidity.Table4

hasthe waterbudgetsfrom thesetestswith the originalSAV simulationfor comparison.

Increasingthehumidityincreasedtherainfallby5%and35%forthe+2%and+5%simulations,

respectively.The+5%simulationusingsavannalandcoverproducedslightlymorerainfallthan

theFORsimulation.A 5%increasein soundinghumidityfrom large-scaleflow producesa

responseonthesamemagnitudeofchangingthesavannavegetationto denseforest.

Decreasingthehumidityhasanevenlargereffect.Rainfalldecreasedby30%and40%

forthe-2% and-5% simulations,respectively.Lucas et al. (2000) suggest that decreasing the

low to mid-level (up to 700 mb) humidity increases the entrainment of dry air from the

environment. Increasing entrainment in the "minus" simulations appears to have significantly

decreased the upward mass flux in the convective updrafts. In Table 4 the increase in condensate

and precipitation efficiency in the "plus" simulations is less than the decrease in the same

variables in the "minus" simulations. The surface fluxes in the "minus" simulations exacerbated

the effect of a drier sounding. Whereas moist soil and a dry atmosphere might accelerate latent

heat flux, compensating for a drier boundary layer, the dry soil profiles used in all our

simulations resulted in stressed (supply-limited) rather than potential (demand-limited)

evapotranspiration rates in the "minus" simulations. The latent heat flux decreased an average of

25% in the critical morning hours when the vertical gradient of MSE is determined and CAPE

accumulates. The latent heat flux in the "plus" simulations was similar to the original SAV.
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c. Sensitivity to grid resolution

As with the previous section, this is not an exhaustive sensitivity study of grid resolution

in the manner of Weisman et al. (1997) who tested grid resolutions from 1-12 km. We ran

simulations using our three land covers at 0.5 km and 1.5 km resolution and compared the effect

on the surface physics and water budget. In the morning, the fine (0.5 km) and coarse (1.5 kin)

resolutions had no systematic, non-trivial effect on the surface fluxes. With latent heat fluxes the

same for fine and coarse resolution land surfaces, there were no differences in the MSE per unit

area or the average mixing ratio in the boundary layer. After 12:00, differences did emerge.

Peak 10-cm soil temperatures were 2-4 K lower in the fine resolution simulations, and the latent

(sensible) heat fluxes were higher (lower) between 12:00-18:00 in the fine resolution

simulations. Although the change in W m "2 was largest for the FOR fine simulation, the SD fine

simulation had the largest percent increase in latent heat flux, 30%, compared to the SAV, 25%,

and FOR, 10%.

Shrinking the grid resolution may not have affected the morning surface physics but it

noticeably affected the convective intensity and rainfall. In Weisman et al. (1997), as the

horizontal scale became smaller, the resultant vertical motions for a given distance increased

proportionally. Here, the maximum vertical velocities and rain rates for the fine resolution

simulations (Figure 8) were as much as 50% greater than those of the coarse resolution

simulations. However, the average rain rates (not shown) tended to be higher in the coarse

resolution simulations. In Weisman et al., there was very little difference in the condensation,

evaporation, rainfall, or precipitation efficiency and the system evolution was similar for

simulations with grid resolutions 4 km or finer. For our fine simulations there was an increase in

the condensation, evaporation, and rainfall. As an example, Table 5 compares the water budgets
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of thecoarseandfineresolutionsemi-desert.In Table5,theincreasein rainfall,1.i83 x 109kg

km1, forthesemi-desertfinesimulation(i.e.,SD)is approximatelythesamefor theotherland

covers,makingthepercentincreasefor thesemi-desert(41%)higherthanthepercentincreases

for thesavamla(33%)andbroadleafforest(24%)finesimulations.Theincreasein rainfallin

thefinesimulationsfedbackto thelandsurfacein theafternoon,forcinghigherlatentheatflux

andreducingsoilheating.

Thetime'seriesof maximumverticalvelocitiesforthecoarseresolutionsimulations(not

shown)exhibitedmorevariabilitythanthetimeseriesfor thefinegrid simulations(Figure8a).

Thecoarsegrid squalllineshada greaterdownsheartilt andlowerprecipitationefficiencies

(5-10%),suggestingmoreinteractionof theupdraftswithenvironmentalshear.Thewarmair

aheadof thefinegridsqualllineswas1-3gkg-1moremoistand2-4 K warmercomparedto the

coarsegridsqualllines.Moresignificantly,thecoldpoolsbehindthefinegridsqualllineswere

1-2 g kg-1drierand2-4 K colder. Thefinegrid simulationshadlongerperiodsof strong

convectionandthusproducedagreatervolumeof condensateandrainfall.

Conclusion

This study used a two-dimensional coupled land/atmosphere (cloud-resolving) model to

investigate the influence of land cover on the water budgets of squall lines in the Sahel. We

created three different land covers, a sparsely vegetated semi-desert, a grassy savanna, and a

dense evergreen broadleaf forest. For the three land covers, the sounding of 23 June 1981 from

the COPT81 experiment provided the initial state of the atmosphere. The initial soil temperature

and moisture profiles were warm, dry, and in equilibrium with the atmosphere. Our simulation

grid was a 1000 km at 0.5 km resolution in x and 21.5 km (stretched from 80 to 1200 m) in z.

All simulations began at local midnight and ran for 24 hours to capture a diurnal cycle.
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The latentheatflux, boundarylayermixingratio, andMSE in the boundarylayer

exhibitednoticeablevariationsamongthethreelandcovers.Thebroadleafforesthadthehighest

latentheatflux,theshallowest,moistest,slowestgrowingboundarylayer,andsignificantlymore

MSEperunit areathanthesavannaandsemi-desert.Thesavannahadmoreboundarylayer

humidityandMSEperunitareathanthesemi-desert,butthedifferencebetweenthesavannaand

semi-desertwassmallerthanthedifferencebetweenthebroadleafforestandthesavanna.Deep

convectionandrainfallstartedfirstin thesavannaandlastin thebroadteafforest.Althoughall

simulationsproducedsqualllines,thebroadleafforesthadthemostintense,longest-livedsquall

lineswith 29%morerainfallthanthe savannaand 37%morethanthesemi-desert.Rainfall

ceasedby 18:00in thesavannaandsemi-desertcomparedto 24:00for thebroadleafforest.By

18:00,significantverticalgradientsof 0estill existedin thebroadleafforestbut not in the

savannaorsemi-desert.

We exploredthesensitivityof theseresultsby testingtheeffectof vegetationdensity,

initial soundinghumidity,andgridresolution.Vegetationtypedeterminestheefficiencywith

which water is extractedfrom sub-surfacesoil and transpired,while vegetationdensity

determinesthesurfacearea"throughwhichtranspirationcantakeplace. Althoughchanging

eithervariableby itselfcanaffectresults,thesynergisticeffectcreatedbychangingbothat the

sametime resultedin greaterdifferencesin rainfall amongland covertypesthanamong

simulationsof thesamelandcoverwithvaryingamountsof vegetation.To comparetheeffect

of changinglocalevapotranspirationto variabilityin thesummermonsoon,theinitial sounding

humiditywasvaried(+/- 2%and+/- 5%)for simulationsusingthesavannalandcover.Small

changesin humidityproducedlargechangesin thecondensateandrainfall,althoughtheincrease

in rainfallfor the"plus"simulationswassmallerthanthedecreasein rainfallin the"minus"
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simulations.Reducingthegrid resolutionfrom 1.5km to 0.5km alsoproducednoticeable

increasesin rainfall. At 0.5kmthecellsweretiltedmoreupright,andthecoldpoolsweredrier

andcolder,resultingin longerperiodsof strongconvectionandmorecondensateandrainfall

with higherprecipitationefflciencies.The differencesbetweenour fine and coarsegrid

simulationssuggestthatadditionalwork is neededto examinetherelationshipbetweengrid

resolutionandconvectiveintensityinahighshearenvironment.

Land cover, particularlyvegetationtype and density,influencesboundarylayer

characteristicsandthustheenvironmentinwhichconvectivecellsdevelop,althoughvariability

in theAfricansummermonsoonmayobscurethesignalfromlandcoverfor individualsquall

lines.Changesin mixingratiobysurfacefluxes,however,arelikely tobesmallerandconfined

to ashallowerlayerthanthoseproducedbythemonsoon.Giventhesensitivityof convectionto

smallchangesin humidityandthepotentialcontributionfromsurfacefluxes,the landsurface

mayeithercompensatefor or exacerbatelarge-scaleconditions,particularlyin dry regimes.

RecallingNicholson(1988),landsurfacechangesfromdroughtandhumanactivitymayresultin

a loweredprobabilityof generatingsqualllinescapableof 40mmof rainfallin a day. Large-

scaleforcingmaytriggersqualllines,but theconditionof theboundarylayermayresultin a

squalllineontheorderof thesemi-desertsqualllineratherthanthebroadleafforestsquallline,

thatis,aweaker,shorterlivedsqualllinewithlesstotalrainfall.
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Figure and Table Captions

Figure 1. Political map of Africa. The box (dotted line) encloses the West African Sahel.

Figure 2. Pre-squall environment sounding from the COPT81 field experiment. Low-level shear

from the lowest model layer to the height of the African Easterly Jet core at 605 mb is 3.5 x 10.3

s "t. Mid-level shear from the height of the jet core to 6 km is -5.0 x 10 .3 s I.

Figure 3. Time series of area-average surface fluxes: net radiation - ground heat flux in a),

sensible heat flux in b), latent heat flux in c).

Figure 4. Time series of boundary layer characteristics. Growth curves in a) are not smooth

because height is diagnosed from discrete model layers. MSE per unit area in the boundary layer

in b). Area-average mixing ratio (qv) in the boundary layer in c).

Figure 5. x-z contour plots of 0r at 11:00. 348 K contour is shaded dark gray, 350 K shaded light

gray, 351 K shaded black.

Figure 6. Time series of total hydrometeor (cloud liquid water, rain, cloud ice, snow, graupel)

mixing ratio.

Figure 7. x-t contour plots of rainfall rate. Contour intervals are 0.001, 5, 25, and 100 mm hr _.

5 mm hr -1 shaded in dark gray, 25 mm hr -1 in light gray, 100 mm hr -l in black.

Figure 8. Time series of maximum vertical velocity in a) and maximum rain rate in b).

Maximum rain rates are determined at 5 min intervals.

Figure 9. x-z contour plots of 0_ at 17:00 for the semi-desert and broadleaf forest. 348 K contour

is shaded dark gray, 350 K shaded light gray, 351 K shaded black.

Figure 10. Time series of latent heat flux for fixed and variable density (VD) simulations.
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Table1, Selectedvegetationandsoilcharacteristicsforthethreelandcovers.

Legend:%veg.coveris thepercentageof areacoveredbytranspiringvegetation;rootprofileis

thecumulativefrequencydistributionof rootsin the5soilmoisturereservoirs;surfaceroughness

inm;minimumstomatalresistanceinsrel; saturated(sat.)hydrauIicconductivityinmsl.

TabIe2. Comparisonof areasatspecifiedrainrates.

Note: Figuresareexpressedaspercentdifferencesbetweentwo landcovers.Thatis, thereis

52%moreareawhererainfallis greaterthan0mmhrt in theFORsimulationcomparedto the

SD.

Table3. Waterbudgetsforthefixedandvariabledensity(VD)simulations,

Table4. Waterbudgetsforsimulationstestingsensitivityto initialsoundinghumidity.

Note:All simulationsinTable4usedsavanna(SAV)landcover,

Table5. Comparisonof waterbudgetsforthesemi-desertfinegridandcoarsegridsimulations.



27

/

0 _ 30

Figure 1. Political map of Africa. The box (dotted line) encloses the West African Sahel.
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6/25/8I 2332Z COPT81

CAPE = 2895 J/kg ClN = 35 J/kg LI = -6.7

Figure 2. Pre-squall environment sounding from the COPT81 field experiment. Low-level shear

from the lowest model layer to the height of the African Easterly Jet core at 605 mb is 3.5 x 10 .3

s-1. Mid-level shear from the height of the jet core to 6 km is -5.0 × 10 .3 s-l.





MSE/Area (J kg-1 m-2) Height (m)

=_ _ ,_ =- = = -_=o ° ° o ° ° o _oo°ooo°
O_ O O O O O O O O O_ O O O O O O O O

, , , , i , i _ I I i , I , , ]

(D (D

?; _, _

N N

0

o _
0 0
0

,= 5"._

__
_ CP O

__
_o

0

_-_ [_

_ ""

@ ,,a,,

,=_

Average qv in PBL (g/kg)

_ _, _ _

I __ I I I _1

l, /
O _ t_



c)

o
o

N_
0
0

4_
C)
C)

X

0
0

CO
0
0

o
o
(D

ED
Ln

Height('kin)

o cn

0

-"£i

Eg

o
o

x

o
c)

c_
o
o

o
o
o



32
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Figure 6. Time series of total hydrometeor (cloud liquid water, rain, cloud ice, snow, graupel)

mixing ratio.
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Figure 7. x-t contour plots of rainfall rate. Contour intervals are 0.001, 5, 25, and 100 mm
hr u. 5 mm hr u shaded in dark gray, 25 mm hr l in light gray, 100 mm hr x in black.
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Figure 8. Time series of maximum vertical velocity in a) and maximum rain rate in b).
Maximum rain rates are determined at 5 min intervals.
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Figure 10. Time series of latent heat flux for fixed and variable density (VD) simulations.
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Vegetation

Albedo

% Veg. Cover

Leaf Area

Index

Root Profile

Layers 1-5

Semi-Desert Savanna Broadleaf

(SD) (SAV) Forest (FOR)

0.25 0.18 0.14

20% 50% 70%

0.40 2.0 3.75

0.0 0.0 0.0

0.20 0.25 0.25
0.25 0.50 0.50

0.50 0.25 0.25
0.05 0.0 0.0

Surface 0.20 1.0 1.0

Roughness

Min. Stomatal 110 ll0 80

Resistance

Soil

Albedo

Porosity

Sat. Hydraulic
Conductivity

Initial Soil
Moisture

Layers 1-5

% Silt

Sandy
Loam

0.20

0.40

0.00122

5-10%

7-12%

12-18%

15-20%

18-20%

20%

%Sand 70%

%Clay 10%

Table 1. Selected vegetation and soil characteristics for the three land covers.

Legend: % veg. cover is the percentage of area covered by transpiring vegetation; root profile is
the cumulative frequency distribution of roots in the 5 soil moisture reservoirs; surface roughness
in m; minimum stomatal resistance in s m-l; saturated (sat.) hydraulic conductivity in m s"_.
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Rain Rate
h)-r"1- FOR vs. SD FOR vs. SAV SAV vs. SD(mm

> 0 52% 47% 9%

5 45% 40% 8%

10 44% 37% 11%

25 35% 31% 6%

50 30% 22% 10%

> 100 31% 22% 12%

Total 48% 43% 9%

Table 2. Comparison of areas at specified rain rates.

Note: Figures are expressed as percent differences between two land covers. That is, there is
52% more area where rainfall is greater than 0 mm hr _ in the FOR simulation compared to the
SD.
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Water Budget Semi- Bldf. VD Bdlf. VD

(x l0 s kg km "1) Desert Savanna Forest Forest Savanna

Suspended Condensate 0.04 0.06 0.19 0.05 0.04

Total Condensate (C) 84.38 93.30 118.90 98.48 80.60

Total Evaporation 54.38 59.35 72.65 61.75 52.95

Rain (R) 28.61 32.47 45.47 35.86 26.21

Precipitation 34% 35% 38% 36% 33%
Efficiency (R/C)

Table 3. Water budgets for the fixed and variable density (VD) simulations.
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WaterBudget
(× 10s kg km 1) Savanna +2% +5% -2% ' -5%

Suspended Condensate 0.06 0.09 0.18 0.05 0.01

Total Condensate (C) 93.30 96.78 122.45 75.73 68.05

Total Evaporation 59.35 60.78 71.50 51.70 48.53

Rain (R) 32.47 34.50 49.36 22.98 18.66

Precipitation 35% 36% 40% 30% 27%
Efficiency (R/C)

Table 4. Water budgets for simulations testing sensitivity to initial sounding humidity.

Note: All simulations in Table 4 used savanna (SAV) land cover.



43

WaterBudget Semi-Desert Semi-Desert
(x lOs kg km q) Fine Coarse

Suspended Condensate 0.04 0.08

Total Condensate (C) 84.38 65.41

Total Evaporation 54.38 49.06

Rain (R) 28.61 16.78

Precipitation 34% 26%
Efficiency (R/C)

Table 5. Comparison of water budgets for the semi-desert fine grid and coarse grid simulations.


